Given the broad application of aspirin as antiplatelet drug, availability of standardized methodology to assess potential interaction with any co-medication on platelet aggregation is desired. We characterized the effect of aspirin (ASA) therapy on collagen-induced platelet aggregation in whole blood to define such methodology. Collagen-induced platelet whole blood aggregation was assessed in 6 healthy male volunteers on 2 occasions (Day 1, Day 7) using the Chronolog aggregometer. From Day 2 up to Day 7, subjects received a daily oral dose of 75 mg ASA. The relationship between collagen dose and platelet aggregation response was assessed. On Day 1, maximal aggregation was observed at 1 µg/mL collagen (15.3 ± 4.6 Ω) and higher. Reproducible results were obtained without any indication of intra-subject fluctuations. ASA treatment decreased maximal aggregation by 80% and 38% at 0.5 and 2.0 µg/mL collagen, respectively. Power calculations were performed based on the observed intra-subject variability and demonstrated minimal sample sizes of 9 -11 subjects for future cross-over ASA-drug interaction studies exploring effects on platelet aggregation, which demonstrates that the proposed collagen-induced ex vivo whole blood platelet aggregation is a feasible methodology to evaluate ASA-drug interactions in healthy volunteers.
Introduction
Aspirin (acetylsalicylic acid; ASA) is the most widely used platelet function inhibitor [1] . Low ASA doses of 75 -325 mg/day are prescribed for prevention of thrombotic cardiovascular disease as recommended by the American College of Chest Physicians (ACCP) [2] . The number of patients on long-term ASA treatment receiving a wide variety of concomitant drugs, such as statins and angiotensin-converting-enzyme (ACE) inhibitors, is relatively high [3] . Therefore, availability of standardized methodology evaluating the potential interaction between ASA and any co-medication on platelet function is desired. Ideally, such methodology should represent human physiology, be reproducible, have minimal intra-subject variation, and provide a sufficient window for evaluations of changes in platelet function.
A frequently used method for quantification of the effect of antiplatelet drugs is ex vivo platelet aggregation in response to an agonist, so called platelet aggregometry. The preferred matrix for this method is whole blood rather than platelet rich plasma (PRP) since whole blood has no need of sample centrifugation which may introduce artifacts and it more closely resembles the real-life physiologic conditions, due to the presence of red blood cells and other cell types [4] - [6] . Using whole blood aggregometry, different platelet agonists can be used to assess the inhibitory effect of ASA, either alone or in combination with other anti-aggregant agents, such as arachidonic acid (AA), collagen, adenosine phosphate (ADP) and adrenaline. Generally, 1 relatively high agonist concentration is selected to activate platelets [7] - [12] . This approach is particularly useful to discriminate between ASA responders and non-responders. However, for studying potential ASA-drug interactions this experimental setup is less feasible since induction of a maximal platelet aggregation level does not allow demonstration of drug-induced to increase or to subtle decrease in the aggregatory response.
Therefore, we aimed to develop a platelet aggregometry methodology feasible for evaluation of potential interaction between ASA and any drug-of-choice, which should facilitate rational design of ASA-drug interaction studies. For this purpose, we characterized the modulation of whole blood platelet aggregation by ASA therapy. We selected collagen as aggregation inducer since it played a key role in the initial stage of the haemostatic cascade in vivo, i.e. the interaction of platelets with the extracellular matrix (ECM) of an injured vascular wall. Collagen is the most abundant thrombogenic component present in ECM and its interaction with platelets triggers platelet activation and subsequently platelet adhesion and aggregation [13] . Collagen-induced whole blood platelet aggregometry is a well-known method to assess ASA responsiveness, to discriminate between ASA responders and non-responders and to determine efficacy of dual ASA therapy [14] [15], however, it has not been evaluated for assessment of ASA-drug interactions. Therefore, we assessed the relationship between collagen concentration and platelet aggregation response in a relatively small group of healthy male volunteers, since this was a common population for drug-drug interaction studies. Assay reproducibility and intra-subject variability in the aggregatory response were explored to assess method robustness. The effect of ASA treatment on collagen-induced ex vivo whole blood platelet aggregation (amplitude, lag time and aggregation rate) was evaluated, with the aim to define the methodological conditions inducing a level of aggregation offering sufficient window for demonstration of the presence or absence of additional effects of any drug-of-choice in an ASA interaction study. Based on the observed variability, power calculations were performed to estimate desired sample sizes for future ASA-drug interaction studies.
Methods and Materials
The study was approved by the Medical Ethics Committee of Leiden University Medical Center, The Netherlands, and conducted in compliance with Dutch law on experiments in humans. All subjects gave written informed consent.
Study Population
Six healthy male volunteers aged 18 -55 years participated in the study, with a Body Mass Index (BMI) between 18 and 32 kg/m 2 and a normal activated Partial Thromboplastin Time (aPTT), Prothrombin Time (PT) and bleeding time at screening, and no clinically significant findings in (family) medical history (e.g. hematological disorders), physical examination and laboratory tests. The use of concomitant medication was prohibited.
Study Design
This open-label study was conducted in a study period consisting of 7 days. On Day 1 and Day 7, subjects stayed at the clinical research unit for assessment of platelet aggregation. From the morning of Day 2 until Day 7 (6 consecutive days), subjects visited the clinical research unit daily for supervised oral administration of 75 mg ASA (Actavis). On Day 1 (before start of ASA treatment) and Day 7 (during ASA treatment), blood samples were taken at −5 min, 45 min and 1, 1.5, 3.5 and 6.5 hours. T = 0 on Day 1 and Day 7 were comparable actual clock times, but only on t = 0 at Day 7 ASA was administered. Blood was collected in 5.0 mL tubes containing 1/10 citrate solution (Sarstedt, Nümbrecht, Germany) using a free-flow 18 gauge intravenous catheter without venous occlusion (Bection Dickinson, Franklin Lanes, USA) after discarding the first 0.5 mL blood.
Platelet Aggregation
Platelet aggregation was assessed using the Chronolog 590-X whole blood impedance aggregometer (ChronoLog, Corp., PA, USA). Platelet aggregation was induced by rising collagen concentrations (0.5, 0.75, 1 and 2 μg/mL; type 1 fibrils, Chrono-Par reagents, Chrono-Log Corp., stock solution 1 mg/mL, diluted in isotonic glucose solution at pH 2.7 -2.9). Measurements of platelet aggregation were performed in duplicate for each collagen concentration. Addition of collagen to whole blood sample corresponded with the start of recording an impedance curve which was allowed to run for 15 minutes or until a constant amplitude have been reached. Aggregometry results were expressed as maximum amplitude (resembling maximal aggregation) and recorded in Ohm (Ω). The maximal slope of the aggregation curve was automatically calculated from the tangents at the steepest slope of the aggregation curve and expressed in Ω/min. The time period required for the onset of aggregation after collagen addition (lag time) was automatically measured and expressed in seconds.
Data Analysis
Assay reproducibility was assessed by calculation of the coefficient of variation of duplicate aggregation measurements. All subsequent analyses were based on the first data point of each duplicate measurement set, which should fall within the predefined acceptable assay limit of 15%. Intra-individual variability in platelet aggregation (amplitude) was assessed on Day 1 (no ASA) and on Day 7 (on ASA-treatment). For assessment of ASA effects on platelet aggregation, the average maximal aggregation amplitude was calculated for each collagen concentration based on the first time point on Day 1 (pre-ASA) and the first time point of Day 7 (post-ASA, before final ASA administration). All data are presented as mean ± standard deviation unless indicated otherwise. A power calculation was performed to estimate the desired sample sizes for future ASA-drug interaction studies with a cross-over design, based on the observed intra-individual variability in aggregation amplitude on Day 7. A log-normal data distribution was assumed, and the calculation was performed at 90% nominal power to demonstrate a treatment effect of 50% and two-sided significance level of 5%.
Results

Induction of Whole Blood Platelet Aggregation by Collagen
The relationship between collagen concentration and platelet aggregation response (defined by aggregation amplitude) was assessed in fresh whole blood samples from 6 healthy volunteers (Figure 1) . A maximal aggregation response of approximately 15 -16 Ω was reached at 1.0 and 2.0 µg/mL collagen (Figure 1) . Assay reproducibility was adequate for all collagen concentrations tested, with a coefficient of variation of duplicate measurements within the predefined acceptable assay limit of 15% (data not shown). Over the 6.5 hours observation period on Day 1, intra-subject variability was dependent on the applied collagen concentration, with the lower observed variability at higher collagen concentrations. The intra-subject CV was 22.7% at 0.5 µg/mL collagen and 9.9% at 2.0 µg/mL collagen. The response in aggregation rate mirrored the response in aggregation amplitude while increasing collagen concentrations decreased the aggregation lag time (data not shown).
Inhibition of Collagen-Induced Platelet Aggregation by ASA
Daily administration of 75 mg ASA for 5 consecutive days strongly reduced maximal platelet aggregation, as expressed in amplitude, for collagen concentrations between 0.5 and 2.0 µg/mL. At low collagen concentrations, platelet aggregation was almost completely inhibited by ASA treatment (Figure 1 , reduction from 9.0 ± 5.3 Ω to 1.8 ± 0.4 Ω at 0.5 µg/mL collagen). At higher collagen concentrations, the ASA-induced reduction in platelet aggregation was less pronounced (Figure 1, from 15 .3 ± 4.6 Ω to 4.2 ± 0.8 Ω at 1.0 µg/mL collagen, and from 15.5 ± 2.4 Ω to 9.7 ± 4.6 Ω at 2.0 µg/mL collagen).
The effect of ASA therapy on collagen-induced platelet aggregation was also assessed by aggregation rate and lag time. Aggregation rate showed an ASA effect pattern that was comparable with the pattern observed for aggregation amplitude and lag time followed a similar, but reverse pattern (data not shown).
Any additional effect of the last ASA administration on Day 7 on platelet aggregation was not observed: ASA administration for 5 consecutive days had already resulted in a maximal inhibition of aggregation for all parameters tested (data not shown). The observed intra-subject variability for platelet aggregation amplitude on ASA treatment (assessed over the course of Day 7) was 36.7% and 32.5% for 1 and 2 µg/mL collagen, respectively ( Table 1) . Based on these variabilities, power calculations were performed demonstrating that group sizes of 11 and 9 subjects (for 1 and 2 µg/mL collagen, respectively) would be required to demonstrate a treatment effect of 50% in future ASA-drug interaction studies with a cross-over design ( Table 1 ).
Discussion
Routine low dose ASA therapy is frequently applied as cardiovascular disease prophylaxis [14] . This therapy is mostly long-term and concomitant medication use is almost inevitable [3] . Hence a methodology to evaluate potential interactions affecting platelet function between ASA and co-medication is desired. We developed and characterized a platelet aggregometry methodology for assessment of potential ASA-drug interactions affecting platelet aggregation. We chose an experimental setup that optimally represents human physiology (whole blood as matrix, collagen as inducer), and demonstrated method robustness (in terms of assay reproducibility and intrasubject variability). As such, the desired criteria for methodology evaluating potential interactions between ASA Table 1 . Power calculation for ASA-drug interaction studies with a cross-over design assessing amplitude of platelet aggregation at 1 or 2 µg/mL collagen, based on the intra-subject variability post-ASA (n = 6) assuming a log-normal distribution, at 90% nominal power to demonstrate a treatment effect of 50% and two-sided significance level of 5%. and any other drug in a clinical study were met. A range of collagen concentrations was selected to induce platelet aggregation in fresh whole blood samples including a concentration of 1.0 µg/mL which is often used in the clinical assessment of ASA effects [15] [16] . A clear relationship between collagen concentration and aggregation amplitude response was observed, with an aggregation level of 9 Ω at 0.5 µg/mL and a maximal aggregation of 15 -16 Ω at 1.0 and 2.0 µg/mL. Inter-individual differences in responsiveness to collagen were observed, with higher variability at lower collagen concentrations. This can be attributed to the fact that 2 subjects showed a low aggregation at 0.5 µg/mL collagen, whereas the other 4 subjects had already (sub-)maximal aggregation at this collagen concentration. These results suggest the existence of an individual collagen threshold concentration that triggers platelet aggregation to exceed a certain basal level (approximately 1 -5 Ω) via an all-or-nothing response; when the collagen stimulus is strong enough, a platelet aggregation response is evoked and augmented through the strong self-amplifying loops of the haemostatic cascade. This is consistent with Kawasaki et al. who described comparable differences in platelet sensitivity to collagen in PRP [17] , and our earlier findings [6] .
We demonstrated that platelet aggregation was effectively inhibited after 6 days of daily 75 mg ASA treatment, which is in line with other studies [7] [18] . The degree of inhibition by ASA treatment was determined by the collagen concentration and ranged from 80% to 38% (for 0.5 and 2.0 µg/mL collagen respectively).We also assessed the effect of ASA treatment on platelet aggregation by slope (aggregation rate) and lag time (aggregation onset), but found that for assessment of ASA effects all three readout parameters were generally interchangeable. This is consistent with the mode of action of ASA. Since amplitude is the most frequently used readout parameter of platelet aggregation, we considered this parameter to be the preferred parameter for the future ASA-drug interaction studies. The desired level of platelet aggregation, assessed by amplitude, for ASA-drug interaction studies should allow demonstration of both drug-induced reductions and elevations on an ASA background. Since lower collagen concentrations of 0.5 and 0.75 µg/mL result in minimal platelet aggregation levels in ASA-treated volunteers, these concentrations are not suitable from a methodological perspective. In contrast, higher collagen concentrations (1 to 2 µg/mL) do offer a sufficient window for demonstration of potential drug-induced changes in platelet aggregation. The observed intra-subject variability in aggregation amplitude at 1 and 2 µg/mL collagen on Day 7 was used to assess the required sample size for future ASA-drug interaction studies with a cross-over design. A sample size of 11 and 9 subjects would provide sufficient power to detect a 50% treatment effect at 1 and 2 µg/mL collagen, respectively. A recent ASA-sugammadex interaction study that applied the described methodology that we describe here, confirms the reported intra-subject variability and estimated sample size [19] . The observed intra-subject CV in this study was 20% -23%, with an actual sample size of 23 subjects, at a collagen concentration of 1.5 µg/mL. This variability was sufficiently low to confirm the absence of an ASA-sugammadex interaction, defined as a 33% further inhibition in platelet aggregation. This demonstrates that the findings in our relatively small sample size of 6 subjects can be translated to larger sample sizes, and that our collagen-induced whole blood aggregation methodology is feasible for evaluation of ASAdrug interactions.
Conclusion
Overall, our experiments support the feasibility of collagen-induced whole blood aggregation to evaluate ASAdrug interactions in healthy male volunteers. The methodology that we developed optimally represents human physiology, and demonstrated method robustness in terms of assay reproducibility and intra-subject variability. Based on our experiments and subsequent power calculations, a collagen concentration of 1 -2 µg/mL and a minimal group size of 9 -11 subjects should be selected for future cross-over ASA-drug interaction studies assessing platelet aggregation effects of a drug-of-choice. This setup will result in a platelet aggregation level (expressed in aggregation amplitude) that offers sufficient window for demonstration of drug-induced changes.
